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[1] The distribution of chromophoric-dissolved-organic-matter (CDOM) was investigated
in the western tropical North Atlantic Ocean (WTNA) during the low and high flow
periods of the Amazon River. A strong correlation was observed between in situ CDOM
absorption at 490 nm and in situ diffuse attenuation coefficient at 490 nm (K490) during
the high flow period (ratio of 0.7). SeaWiFS monthly composites of K490 showed (1) very
low values over most of the WTNA, with higher values restricted to the continental shelf
during the low flow season and (2) higher K490 over much of the WTNA extending
offshore to >1000 km from the river mouth during the high flow season. The relative
contribution to light absorption by particulate (phytoplankton and detritus) and dissolved
(CDOM) materials was investigated at selected wavelengths. At 440 nm during the high
flow period (1) CDOM dominated (70%) total light absorption closer to the river mouth;
(2) phytoplankton and detritus dominated (40% each) absorption farther offshore but
still within the Amazon plume; and (3) CDOM contributed 20%, phytoplankton >60%,
and detritus 10% outside the plume. In situ data suggests a terrestrial source for the
CDOM off the coast of South America during the high flow period with possible offshore
local sinks (photodegradation) as well as sources (in situ production). The Amazon River
strongly influences the optical properties of the WTNA at distances over 1000 km
from the river mouth. Retrievals of phytoplankton biomass based on satellite ocean color
data can be largely overestimated in the WTNA, if the contribution to light absorption
by CDOM and detritus is not taken into account. INDEX TERMS: 4552 Oceanography:
Physical: Ocean optics; 4850 Oceanography: Biological and Chemical: Organic marine chemistry; 4275
Oceanography: General: Remote sensing and electromagnetic processes (0689); 4852 Oceanography:
Biological and Chemical: Photochemistry; KEYWORDS: ocean color, remote sensing, diffuse attenuation
coefficient, absorption of light, CDOM
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1. Introduction
[2] The inherent optical properties (IOP) of seawater
depend on the levels of absorbing and scattering constitu-
ents within the aquatic medium [Preisendorfer, 1961].
Dissolved (CDOM), particulate (pigmented and detritus)
materials and water itself are the primary absorbing species in
most aquatic environments. The absorption spectra of
CDOM and detritus decay almost exponentially with
increasing wavelength from the ultraviolet to the visible
regime, while phytoplankton absorption spectra exhibit max-
ima at 440 and 680 nm (due to chlorophyll a, chl a),
occasionally with an additional peak at 320–330 nm (pos-
sibly due to mycosporine-like amino acids). Owing to the
wavelength dependence of the absorption spectra of these
species, they all contribute to total light absorption, with their
relative contribution changing with wavelength.
[3] Two comprehensive reviews of the work on CDOM
over this past decade summarize the processes influencing
the spatial and temporal variations of CDOM in coastal
environments [Blough and Del Vecchio, 2002, and references
therein] and in the open ocean [Nelson and Siegel, 2002, and
references therein]. Briefly, coastal margins influenced by
fresh water runoff are characterized by several features:
(1) high CDOM absorption that decreases offshore and is
inversely correlated with salinity, thus indicating a terrestrial
origin; (2) the absence of a strong correlation between
CDOM and chlorophyll content, thus implying at most an
indirect role of phytoplankton in the production of CDOM;
and (3) in some systems, a nonlinear dependence of absorp-
tion on salinity associated with mixing of different water
masses or with photochemical and photochemical/microbial
processes. In the open ocean, the CDOM signal is character-
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ized by an almost constant background signal (possibly due
to a remnant of the terrestrial signal of1% [see Blough and
Del Vecchio, 2002; Hedges et al., 1997; Opshal and Benner,
1997]) overlapped by a dynamic fraction that appear to be
controlled by local processes: CDOM production at these
locales is either microbially mediated or brought to the
surface by advection, whereas its consumption appears to
be dominated by photochemistry as on continental shelves.
On a large scale, global patterns of CDOM and detritus
absorption (from SeaWiFS ocean color imagery) resemble
ocean circulation and mimic primary productivity or chloro-
phyll global distribution [Siegel et al., 2002]. Recently,
interest in CDOM has increased because of the need to
understand the dynamics of dissolved organic carbon and
the CDOM potential interference when determining phyto-
plankton biomass by remote sensing. Because CDOM and
detritus can contribute significantly to total light attenuation
at 440 nmwhere chl a also absorbs, overestimates of chl a can
occur. Knowledge of CDOM dynamics and distribution has
become a critical issue for the development of better bio-
optical algorithms (particularly for land-ocean margins, i.e.,
case II waters) and for the more accurate retrieval of water
column constituents (e.g., chl a).
[4] The Amazon is the largest river in the world in terms of
the size of its watershed, the number of tributaries, and the
volume of water discharged into the sea. The Amazon and its
tributaries flow for over 6000 km from the Andes in Peru to
the Atlantic Ocean, covering a watershed that includes the
largest tropical rainforest in the world as well as areas of dry
grassland, or savannah. On an annual basis, this river
discharges 15% of the total freshwater input to the ocean
[Baumgartner and Reichel, 1975], 16 times more than the
Congo, and 60 times more than the Nile. Its discharge has a
strong seasonal variation with a maximum of about 2.4 
105 m3/s in mid-May and a minimum of 0.8  105 m3/s in
mid-November [Lentz, 1995] (River Discharge database:
http://www.sage.wisc.edu/riverdata/). The Amazon water
flows northwestward along the South American coast for
hundreds of kilometers during the winter and spring seasons.
In the middle to late summer, the North Equatorial Counter-
current develops and the river plume is carried eastward
along the North Brazilian Current retroflection between 7N
and 10N [Muller-Karger et al., 1988, 1995]. The river
plume can be as wide as 400 km in the vicinity of the mouth,
narrowing to about 200 km at about 5N, and then fanning
out [Lentz, 1995]. Between July and October, more than half
the Amazon plume water is carried eastward by the North
Brazil current retroflection. Large warm-core rings that can
exceed 450 km in diameter can detach from the retroflection
and move northwestward toward the Caribbean at a speed of
100 cm s1. These rings can persist for up to 3–4 months
before they disappear through interaction with land [Didden
and Schott, 1993;Fratantoni andGlickson, 2002; Fratantoni
et al., 1995; Richardson et al., 1994]. The Amazon River can
therefore influence the optical properties of a large area of the
WTNA.
[5] The biological effects of the Amazon River plume
have been studied by Borstad [1982] and more recently by
Carpenter et al. [1999]. In the autumn 1996, Carpenter et
al. [1999] observed an extensive bloom of a colonial diatom
Hemialus hauckii containing a diazotrophic cyanobacterial
endosymbiont Richelia intracellularis associated with the
Amazon River plume. This bloom extended over a broad
geographical area, and was hypothesized as a significant
source of new nitrogen to support primary production in
nutrient-poor tropical waters. Corredor et al. [2003] have
also reported intense phytoplankton blooms on the conver-
gence of western tropical North Atlantic surface waters with
the plumes of the Orinoco and Amazon Rivers.
[6] The Amazon River plume is clearly evident in satel-
lite ocean color images as regions of high attenuation of
blue light, normally interpreted as high chlorophyll concen-
trations. The source of this colored water was first misinter-
preted by Longhurst [1993], who attributed the high
apparent ‘‘chlorophyll’’ to high primary productivity due
to eddy upwelling. More recently, Longhurst [1995] and
Muller-Karger et al. [1995] concluded that the sources and
constituents responsible for the high attenuation cannot be
determined without in situ measurements or better remote
sensing algorithms that are capable of distinguishing
between chlorophyll and other absorbing species.
[7] Despite the magnitude of this river and its potential
impact on the WTNA, few previous studies have examined
the spatial and temporal variation of the inherent optical
properties (IOP) of the Amazon River plume. While in situ
measurements of water leaving reflectance have been
reported for the French Guiana coast [Froidefond et al.,
2002; Krezel and Kamieniecki, 1992], the limited IOP data
available today [Green and Blough, 1994] show CDOM
absorption coefficients inversely related to salinity, with an
extrapolated fresh water end-member of 4–6 m1 at
355 nm, very similar to that of other large rivers and
estuaries (see references given by Blough and Del Vecchio
[2002]). Here the distribution of CDOM absorption (and
fluorescence) was investigated for the first time during
seasons of low (January–February) and high (April–May
and July–August) river flow. Our aim was to gain a better
understanding of the influence of the Amazon River plume
on the processes controlling CDOM distribution and dy-
namics (source and sinks). The relative contribution to total
light absorption by dissolved and particulate material and
the distribution of the diffuse attenuation coefficient were
also investigated to determine the origin of the ocean color
Figure 1. Map of the Western Tropical North Atlantic
Ocean (WTNA) area with station locations.
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signal observed in the satellite images and the overall
influence of the Amazon River plume on the WTNA.
2. Methods
2.1. Samples
[8] Samples were collected using a CTD (conductivity-
temperature-depth) rosette equipped with Niskin bottles
onboard of the R/V Seward Johnson in January–February
2001 and April–May 2003 and on the R/V Knorr in July–
August 2001 (Figure 1). Additional surface samples were
collected with an acid-cleaned plastic bucket during the
April–May 2003 cruise to increase the sample density
along the river plume track. The plastic bucket was checked
for contamination prior to its use. For simplicity, the surveys
will be referred to as the February, May, and August cruises,
respectively. Salinity and temperature were obtained from
the CTD system.
2.2. Remote Sensing
[9] Ocean color remote sensing data were acquired by
the Sea-viewing Wide Field of view Sensor (SeaWiFS)
onboard the Seastar satellite. Eight-day and monthly,
9-km, reprocessing 4, level III data were used for this
Figure 2. Monthly SeaWiFS composites of diffuse attenuation coefficient at 490 nm (K490, m1) for
the winter (February 2001), spring (May 2003), and summer (August 2001) cruises in the WTNA. The
red crosses and lines indicate the stations location. The black lines and circles represent features discussed
in the text.
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analysis. Diffuse attenuation at 490 nm (K490) values
were determined using the operational K490 algorithms
[O’Reilly et al., 2000]. The river plume was a sufficiently
large feature to show up distinctly in 9-km resolution
imagery. The 8-day data showed that the river plume
was extremely dynamic, changing direction even within
this 8-day window. However, a combination of the orbital
parameters of the satellite, of clouds, and of dust pre-
cluded using finer temporal resolution. The 8-day data
were used to track the movement of water masses. The
monthly composites (Figure 2) blur the details of the
plume, but serve to show the a real extent of the surface
waters in the WTNA that were influenced by the plume.
The data were extracted and cruises tracks added using
SeaDAS [Fu et al., 1998].
2.3. Optical Measurements
2.3.1. Dissolved Material (CDOM)
[10] Water samples for CDOM measurements were
immediately filtered through precombusted GF/F filters
(0.7 mm pore size) before further treatment. Samples for
absorption were refiltered within a few hours through 0.2-mm
pore size nylon syringe filters to remove all particles, and
absorption was then measured. Samples for fluorescence
were kept refrigerated at 4C in the dark until measurement
(within 2 weeks from the end of the cruise).
[11] CDOM absorption spectra were acquired using a
Shimadzu 2401-PC spectrophotometer and a 10-cm optical
cell. The manufacturer instrument detection limit (d.l.) was
0.002 OD. Milli-Q water was employed as the blank.
Absorption spectra were recorded over the range 250–
800 nm, with the values at wavelengths 650–700 nm
averaged to determine the baseline. CDOM absorption
coefficients (aCDOM(l)),
aCDOM lð Þ ¼ 2:303  ACDOM lð Þ=l;
where ACDOM(l) is the CDOM absorbance at the
wavelength l and l is the path length, and spectral slope
(S) were calculated as previously reported [Del Vecchio
and Blough, 2004]. Specifically, the spectral slope (S)
was calculated by fitting the data to an exponential
function [Blough and Del Vecchio, 2002; Stedmon et al.,
2000] over the range 300–700 nm: Results were accepted
after visual examination and if the residuals of the fit
(randomly distributed across the entire wavelength range)
fell within the instrument’s photometric accuracy
(0.046 m1).
[12] CDOM fluorescence spectra (excitation wavelength
355 nm and emission wavelengths 365–700 nm) were
acquired exclusively for the May 2003 survey, following
the previously reported method [Del Vecchio and Blough,
2004]. Briefly, fluorescence emission centered at 450 nm
was reported in normalized fluorescence units (N.Fl.U.)
(Fn(355)), thus normalized to both water Raman intensity
and quinine sulfate emission (1 mg/L in 0.1 N H2SO4) to
allow for interlaboratory comparison of the fluorescence
data [Hoge et al., 1993].
2.3.2. Particulate Material
[13] Water samples for particulate absorption measure-
ments were immediately filtered through GF/F filters.
Absorption spectra of the total particulate material,
ap(l), retained on the GF/F filter following filtration of
a known volume of water, were acquired with a
Shimadzu 2401-PC spectrophotometer over the range
300–800 nm. The absorption values over the range
750–800 were averaged to determine the baseline
(ODnull). After measurement, the filter was soaked in
2 mL of methanol for 20 min to extract soluble pigments.
Following extraction, the absorption spectrum of the
remaining material (particulate detrital material, ad(l))
was acquired under the same condition as for ap(l).
The absorption spectrum of particulate pigment materials,
aph(l) was obtained after subtraction of the ad(l) spec-
trum from the ap(l) spectrum. The data were corrected
for multiple scattering on the filter (‘‘beta correction’’) by
applying a factor derived by Mitchell et al. [2002],
ap lð Þ ¼ 2:303 Af OD lð Þ  ODnull lð Þ½ =b Vf
and b ¼ 1:220 ODcorr lð Þ½ 0:254;
Figure 3. Distribution of CDOM absorption coefficient at
355 nm [aCDOM(355)] (m
1) in the WTNA during (a) May
2003 and (b) August 2001. Numbers refer to stations.
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where Af is the effective area of the filter, Vf is the volume of
water filtered, and ODcorr is the corrected absorption.
2.4. In Situ Chlorophyll a and K490 Measurements
[14] Pigment concentrations were determined by HPLC at
the Center for Hydrologic Optics and Remote Sensing
(CHORS) laboratory following the protocols outlined by
Bidigare et al. [2002]. The in situ diffuse attenuation
coefficient at 490 nm (K490) was calculated from measure-
ments of downwelling irradiance over the top 10–15 m
using a free-falling Satlantic spectroradiometer deployed as
previously described [Subramaniam, 2002]. An analysis of
all SeaWiFS in situ match-up data from the August 2001
cruise showed a relationship of Satellite K490 = 0.6529 
in-situ K490 + 0.0853 (R2 = 0.57).
3. Results and Discussion
3.1. WTNA Water Dynamics as Described by Remote
Sensing K490 and In Situ CDOM Absorption
[15] The Amazon River plume is a very dynamic system,
and 8-day SeaWiFS composites better visualize the tempo-
ral dynamics of this water mass movement in the WTNA.
However, we used SeaWiFS monthly composites to show
the spatial extent of the surface waters in the WTNA that
were influenced by the plume. The current operational
chlorophyll algorithm, OC4, does not distinguish between
absorption due to CDOM, detritus, or chlorophyll. Since we
found a good relationship between in situ K490 and salinity
(see below), we used SeaWiFS composites of diffuse
attenuation coefficient at 490 nm (K490) to track the river
plume (Figure 2). During the winter (low river flow), the
plume flowed northwestward staying very close to the coast
(Figure 2, top panel). During spring and summer (high river
flow), increased K490 was seen over a larger area (Figure 2,
middle and bottom panels). In the spring, the river flowed
northwestward parallel to the South American coastline to
about 10N (Transect A) and then spread out westward,
reaching more than 1000 km from the river mouth
(Region B, 12N–58W) (Figure 2, middle panel). The
northern portion of the plume was wider than 600 km at this
time of the year. In the summer, the river first flowed
northwestward and later retroflected to the east along the
North Brazilian Current retroflection (7N–10N) (Transect
Figure 4. Vertical profiles for inshore (plume) (12N–54W) and offshore (non-plume) (10N–
48W) locales in the WTNA during winter, spring, and summer.
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B) (Figure 2, bottom panel) to be carried eastward along the
North Equatorial Countercurrent [Muller-Karger et al.,
1988, 1995]. The core of the plume reached farther east
during the summer than during the spring. In the summer,
patches of waters (NE and NW patches) were observed
detaching from the northern portion of the plume, thus
occupying the springtime tip of the plume (Region B in
Figure 2, middle panel). These patches flowed northwest-
ward and lasted at least 30 days, consistent with previous
literature [Didden and Schott, 1993; Fratantoni and
Glickson, 2002; Fratantoni et al., 1995; Limeburner et
al., 1995; Richardson et al., 1994]. Interestingly, from these
composites (and from the 8-day composites available at
http://www.ldeo.columbia.edu/ajit/jun01kn/), it appeared
that in the spring, Region B was the tip of the plume (still
connected with the river), while in the summer the NE (and
NW) patch had become isolated from it. These waters
appear to correspond to different stages of the Amazon
River plume aging: Region B being younger and the NE or
NW patches being aged river water (see below).
[16] The geographical distribution of aCDOM (and salinity)
was examined as a function of latitude and longitude to
better envision the influence of the Amazon River plume on
the inherent optical properties of the WTNA (Figure 3) and
was compared to the monthly SeaWiFS composites. During
the low river flow season (winter), surface waters exhibited
low aCDOM(355) (and high salinity) typical of open oceans
across the entire region investigated (not shown). During the
spring, surface waters with high aCDOM(355) (and low
salinity) left the coast of south America around 6N–
52W and flowed northwestward offshore away from the
continental shelf (Figure 3a, Transect A). Surface waters
with high aCDOM(355) (and intermediate salinity) were also
observed far offshore toward the northwest (Figure 3a,
Region B), indicating that the plume had moved >1000 km
from the river mouth and that it had spread out. Northeast
surface waters instead showed low aCDOM(355) (and high
salinity) (Figure 3a, Region A), thus indicating that the river
plume spreads only northwestward. During the summer,
surface waters with the highest aCDOM(355) (and lowest
salinity) moved away from the coast around 6N–52W
(Figure 3b). Waters with a plume signature then seemed to
bifurcate, with one stream caught in the North Brazil
Current retroflection and moving southeastward and another
stream moving northwestward (Figure 3b, along
Transect B). The northwestern portion of the plume (so-
called NE patch) showed high aCDOM(355) (and low salin-
ity) values (Figure 3b, NE patch). No in situ optical data
were available for the NW patch. Overall, these data are
consistent with the Amazon River dynamics previously
described based on satellite imagery (Figure 2 [Muller-
Karger et al., 1988, 1995] and historical data [Lentz, 1995]).
[17] The presence of the Amazon River plume was also
clearly seen when analyzing the physical-optical properties
of the water column (Figure 4). During low flow period
(winter cruise, February 2001), surface waters across the
region exhibited high salinities (36), low temperatures
(<26C) and very low aCDOM(355) (close to the instrument
detection limit, 0.046 m1) typical of open oceans (Figure 4,
compare white to black circles). The water column was
vertically mixed above the permanent thermocline (usually
between 60 and 100 m) displaying physical and optical
properties uniform with depth and distance offshore. During
high flow period (spring and summer), the water column
became vertically stratified: a 10- to 15-m-thick lens of
fresher and warmer water (Amazon River plume) was
observed that moved offshore (Figure 4, compare white to
black triangles/squares). Plume waters exhibited very dif-
ferent physical, chemical, biological, and optical properties
relative to those adjacent to or underneath the plume. Plume
waters showed lower salinity and higher temperature com-
pared to non-plume waters. During this high flow period,
aCDOM (and fluorescence, not shown) was higher for plume
Figure 5. (a) K490 to salinity dependence and
(b) aCDOM(490) to K490 dependence in the WTNA during
May 2003. Solid circles represent the Amazon River plume
(Transect A) and offshore waters (Region A and Region B
without intense diatoms bloom). Open circles represent
stations with intense diatoms bloom (Region B). Numbers
refer to stations. Lines represent linear regressions with
parameters reported in figure and statistics in Table 1.
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waters and decreased outside the plume reaching values
typical of case I waters.
3.2. In Situ K490 and CDOM Absorption
[18] The K490 to salinity dependence was investigated
for the high river flow period (May 2003 survey) to
determine the origin of the ocean color signal observed in
the remotely sensed images. The inverse linear dependence
of K490 on salinity observed for plume waters along
Transect A (Figure 5a, solid circles, and Table 1) suggested
a terrestrial origin for this material. Offshore stations
(Region A and Region B without diatoms blooms) showed
a similar dependence despite the greater scatter (Figure 5a,
solid circles). Some stations, however, exhibited signifi-
cantly higher K490; these stations were all localized within
Region B and were characterized by an intense bloom of the
diatom Hemiaulus with areal integrated Richelia counts of
>108 heterocysts/m2 and by elevated chl a concentration of
1.5 mg/m3 near the surface (<20 m). These stations were
excluded from the regression analysis shown in Figure 5a.
The aCDOM(490) to K490 dependence was also investigated
(Figure 5b). (Since the aCDOM(490) values were very low at
this wavelength, the aCDOM(490) were estimated using the
measured aCDOM(355) and spectral slope, S). Excellent
correlation was observed for waters along Transect A (solid
circles) (r2 = 0.98) (Figure 5b), with a slope (0.704) lower
than that recently reported for UV regions (0.9)
[Johannessen et al., 2003] and a significant intercept on
the K490 axes (0.037 m1) slightly higher than the K490 of
clearest ocean waters (0.026 m1 [Smith and Baker, 1978]).
These data indicated that closer to the plume, i.e., along
Transect A, most of the K490 changes were dominated by
changes in CDOM absorption and that the other absorbing
constituents provided a constant contribution to the total
light attenuation at 490 nm. Farther offshore, still within the
plume (Region B without diatoms blooms), i.e., at interme-
diate K490 and aCDOM(490) values, this dependence was
similar (Figure 5b, solid circles). Away from the plume
(Region A), i.e., at very low K490 and aCDOM(490) values
(offshore waters), this dependence showed greater scatter,
probably because the contribution of each absorbing con-
stituent to the total light attenuation had changed (Figure 5b,
solid circles). Stations from Region B showing intense
diatom blooms (Figure 5b, open circles) behaved similarly
to those along the plume despite the higher intercept on the
x axes; that is, higher K490 values were observed for similar
aCDOM(490) values at stations with phytoplankton blooms.
The larger intercept was possibly due to an increased
absorption of particulate material along this region. The
linearity of this dependence suggested that even in presence
of phytoplankton bloom, CDOM absorption was still dom-
inating the K490 changes, at least in this water mass.
3.3. Relative Contribution of aCDOM(L),
aph(L), and ad(L) to Total Light Absorption
[19] In the absence of regionally tuned bio-optical algo-
rithms capable of discriminating among different absorbing
constituents in the Amazon River plume, it would be almost
impossible to attribute the observed ocean color (Figure 2)
to the species responsible for it. The erroneous interpreta-
tion of the ocean color could have large impact when
employed to extrapolate phytoplankton biomass or primary
productivity. For this purpose, the measured relative contri-
bution of dissolved (aCDOM) and particulate material (phy-
toplankton, aph and detritus, ad) to total light absorption at
355 and 440 nm was investigated for the WTNA during
high river flow season (May 2003) (Figure 6). (For clarity,
the three regions (Transect A, Region B, and Region A)
were grouped in Figure 6 from the right to the left.) In
plume waters closer to shore (Transect A), aCDOM usually
represents 80% or more, while ad and aph represent <10%
of the total absorption at 355 nm (Figure 6, top panel). In
plume waters farther offshore (Region B), aCDOM, ad, and
aph contribute about the same amount to total light absorp-
tion at 355 nm (Figure 6, top panel). Outside the plume
(Region A), aCDOM still dominates (60%), with aph
contributing 30% and ad 10% at 355 nm (Figure 6,
top panel). Slightly different results were observed for light
absorption in the chl a region (440 nm). Along Transect A,
aCDOM dominates total light absorption (>70%), with aph
contributing 20% and ad <10% at 440 nm, (Figure 6,
bottom panel). At plume offshore locales (Region B),
aCDOM contribution decreases significantly (to <20%), while
ad and aph contribute about the same at 440 nm (40%
each) (Figure 6, bottom panel). Out of the plume
(Region A), aCDOM contributes 20%, while aph contribu-
tion increases (>60%) and ad contribution decreases to
<10% at 440 nm (Figure 6, bottom panel). We speculate
that the occurrence of the intense bloom of the diatom
Hemiaulus caused the contribution of particulate materials
(phytoplankton and detritus) to total light absorption to
increase significantly (from 20% along Transect A to
Table 1. Parameters and Statistics of the Linear Regressions Shown in Figures 5, 7, and 8
Figure Number
5A 5Ba 5Bb 7Bb 7Ba 7Ca 7Cb 8
n 13 11 7 50 78 46 9 11
Intercept 0.768 0.026 0.058 5.971 5.753 6.219 4.993 0.297
Slope 0.021 0.704 0.623 0.170 0.161 0.171 0.142 3.000
Std dev slope 0.002 0.031 0.151 0.006 0.004 0.006 0.020 1.589
Slope_UCI (95%) 0.016 0.774 1.013 0.158 0.152 0.158 0.094 6.596
Slope_LCI (95%) 0.024 0.633 0.232 0.182 0.170 0.184 0.190 0.593
Std dev intercept 0.057 0.003 0.023 0.181 0.142 0.211 0.649 0.080
Interc_UCI (95%) 0.894 0.017 0.002 6.336 6.037 6.645 6.530 0.478
Interc_LCI (95%) 0.642 0.034 0.117 5.605 5.469 5.793 3.455 0.115
aDashed line in figure.
bSolid line in figure.
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40% in Region B) relative to that of dissolved material
(CDOM) (Figure 6, Region B). The ad in fact decreased
outside the bloom area (i.e., either in Region A or
Transect A).
[20] Overall, on the WTNA light attenuation at 440 nm
was due primarily (1) to CDOM (>70%) for close-to-shore
plume waters; (2) to aph and ad (40%, respectively) for
offshore in-plume waters with intense phytoplankton
Figure 6. Fractional light absorption of detritus (black), CDOM (light shading), and phytoplankton
(dark shading) to total light absorption at (top) 355 nm and (bottom) 440 nm during May 2003 for three
regions in the WTNA: region close-to-shore along the Amazon River plume (Transect A); western
offshore in-plume locale (Region B); eastern offshore out-of-plume locale (Region A). Numbers refer to
stations.
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blooms; (3) to aph (>60%) for offshore out-of-plume waters.
Considering that absorption due to CDOM and detrital
material contributed together over 80% of the total absorp-
tion at 440 nm along Transect A, the chlorophyll concen-
tration estimated by band ratio algorithms that uses the
443 nm could be overestimated by as much as 500% in
the region of Transect A if the total absorption is entirely
attributed to chl a. Similarly, we can predict an overestimate
of 250 and 150% for Region B and Region A, respec-
tively, during the high flow period. Comparisons of satel-
Figure 7. CDOM absorption coefficient at 355 nm [aCDOM(355)] (m
1) to salinity dependence for
waters in the WTNA. Numbers refer to stations. Lines represent linear regressions with parameters
reported in figure and statistics in Table 1.
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lite-derived chlorophyll concentrations with in situ HPLC-
based measurements showed an overestimation by factors
of 3, 7, 38, and 14 at stations 23, 29, 30, and 48,
respectively, during August 2001. Taking into account the
geographical extent of the Amazon River plume, this
erroneous overestimate cannot be disregarded. More accu-
rate retrievals of chlorophyll content (or primary productiv-
ity) based on ocean color or remote sensing products can
only be achieved if a correction for light absorption by
species other than chl a is applied, using regionally tuned
parameters.
3.4. CDOM Origin and Dynamics on the WTNA
[21] While the geographical distribution of aCDOM
(Figure 3) reveals the high impact of the river plume on
the WTNA, it does not provide information on possible
CDOM sources and sinks. The dependence of aCDOM on
salinity was investigated to examine CDOM origin and
dynamics. During the low flow period (winter), aCDOM(355)
for waters on the WTNA showed no clear dependence on
salinity: Surface and deep waters exhibited similar high
salinity/low aCDOM(355) values (Figure 7a, gray triangles
and yellow diamonds, respectively). The spectral slope, S,
spanned a quite broad range (0.020 ± 0.006 nm1) over a
narrow salinity range (36.1 ± 0.4) with no clear dependence
on salinity nor distinct values for surface versus deep waters.
This behavior was similar to that observed in the spring (see
below). A closer examination of the fitting results indicated
that the fitted data (single exponential curve) often under-
estimated the measured data at shorter wavelengths; this
resulted in a lower estimate of the S values that could
possibly explain the apparent low range of S values.
[22] During the high flow period (spring), aCDOM(355)
for waters on the WTNA decreased with increasing salinity
for inshore surface waters along the river plume (Transect A)
(Figure 7b, green circles), thus indicating a terrestrial source
for this material. Waters from the tip of the plume
(Region B) exhibited a shallower mixing line relative to
the inshore plume waters (Transect A) that curved upward at
higher salinities (>32) (Figure 7b, compare black triangles
to green circles). These data suggest either in situ produc-
tion of CDOM or mixing of more than two water masses
with different CDOM signatures, or both. The temperature
to salinity dependence (not shown) did not show mixing of
different water masses, instead appearing as a continuous
mixing curve. Most (Figure 7b, black triangles), but not all
(Figure 7b, red squares) of these offshore plume waters
(Region B) were characterized by intense bloom of the
diatom Hemiaulus and by very high chl a concentrations of
1.5 mg/m3 near the surface (<20 m). All these data suggest
in situ production of CDOM. To test whether phytoplankton
was directly contributing to the CDOM signal in the
WTNA, the dependence of CDOM (aCDOM(355)) on par-
ticulate pigments absorption (aph(680)) was investigated
(Figure 8). Offshore plume waters (Region B) exhibited
significant increase of aph with only minor changes of
aCDOM (r
2 = 0.28). At first glance, this contradicts our
hypothesis of phytoplankton as a potential direct source of
CDOM. However, the increase in CDOM absorption could
be due to reprocessing of phytoplankton exudates by other
biota. Changes of the spectral slope were also investigated
to highlight potential in situ production/alteration of CDOM
along Region B (Figure 9, top panel, open circles). A
separate clustering of S within Region B was not evident.
Since different sources of CDOM could not be distin-
guished for inshore and offshore plume waters (Transect
A and Region B, respectively), all plume waters (inshore and
offshore with and without diatoms bloom) were included to
obtain the plume mixing line (Figure 7b, dashed line), the
slope of which was similar to that of inshore plume and
non-diatoms bloom waters alone (0.161 versus 0.170).
During this season, waters from below or outside the plume
exhibited high salinity and low aCDOM values with no clear
dependence of CDOM absorption on salinity (Figure 7b,
gray triangles and yellow diamonds) as observed for the low
flow period. The range of the spectral slope, S, was also
investigated during the high flow period (May 2003 survey)
(Figure 9). The spectral slope, S, increased from fresher to
saltier waters. S values spanned from 0.017 nm1 for
plume waters (salinity <30) to 0.035 nm1 for non-plume
waters (either underneath or adjacent to the plume) (salinity
>35) (Figure 9). The spatial variability of the absorption to
fluorescence dependence (at 355 nm) was investigated
during the spring survey. This ratio has been shown to be
fairly constant for very different regions in the world (see
references given by Blough and Del Vecchio [2002]). If
such a quasi-linear relationship exists across seasons and
locales, absorption can be retrieved from in situ continuous
measurements of fluorescence using a flow through system,
or from fluorescence acquired by aircraft using NASA’s
Airborne Oceanographic Lidar [Hoge et al., 1995; Vodacek
et al., 1997, 1995]. A linear dependence of absorption to
fluorescence (at 355 nm) was observed with an absorption
to fluorescence ratio (aCDOM(355) to Fn ratio) uniform
across the entire WTNA (slope 0.165, intercept 0.012
and R2 0.95) and very similar to that of other geographical
areas from the Western North Atlantic Basin and the
Mediterranean Sea (Del Vecchio and Blough [2004] and
references given by Blough and Del Vecchio [2002]). These
data suggest a strong similarity for CDOM in-plume and
out-of-plume waters.
Figure 8. Dependence of CDOM absorption at 355 nm on
phytoplankton absorption at 680 nm during May 2003 for
Region B along the WNTA. Line represents the linear
regression with the parameters reported in the figure and
statistics in Table 1.
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[23] During the high flow period (summer), aCDOM(355)
decreased linearly with increasing salinity for surface waters
from Transect B (Figure 7c, green circles), showing a
pattern very similar to the springtime, further indicating
terrestrial origin of CDOM and dilution of the fresh water
end-member into a higher salinity end-member (two end-
member mixing model). The slope of this dependence
(0.0171) was quite similar to that observed during the spring
(0.0161), indicating its universality at least for this region of
the world. Surface waters from the NE patch deviated from
this aCDOM(355)-to-salinity mixing curve showing lower
aCDOM-to-salinity ratio (0.142 versus 0.171) (Figure 7c,
blue squares). These data suggest either the mixing of a
different freshwater end-member (as the Orinoco River) or
the depletion of CDOM within surface waters of the NE
patch during summertime. The aCDOM(355) for Orinoco
River at salinity of 20 was estimated from previous
studies [Blough et al., 1993; Del Castillo et al., 1999]: their
respective aCDOM(355) values (>5, 3.3 m1, respectively)
are higher than ours along the Amazon River plume
(<2.8 m1) at salinity of 20; thus we exclude the hypothesis
of mixing of a different freshwater end-member. A photo-
bleaching model was then applied to these waters: Results
support this idea of CDOM depletion within the surface of
NE patch during summertime (see below).
[24] During the summer survey a large surface diatom
bloom (Hemiaulus) occurred at the surface of station 23
(occupied for 3 days) similar to what we saw in Region B in
the spring, causing a very high chlorophyll concentration
(1.5 mg/m3, 3 times the deep chlorophyll maximum of
0.5 mg/m3). Water near the surface (where the diatoms
bloom occurred) remains above the plume mixing line
(Figure 7c, black triangles), whereas the waters underneath
the bloom itself (17 m) fall along the plume mixing line
Figure 9. Dependence of the spectral slope, S, on salinity for waters in the WTNA during May 2003:
(top) surface waters only and (bottom) all depths.
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(Figure 7b, station 23:17 m, green circles). This data set
seems to suggest in situ production of CDOM concomitant
with the diatom bloom just as during springtime.
[25] Still during summertime, surface waters from sta-
tions 41 and 50 (Figure 7c, orange squares) fell along the
mixing line consistent with photobleaching rather than
along the plume mixing line. Given the geographical
location of these two stations, we cannot exactly explain
this behavior. Samples beneath (and outside) the
plume (Figure 7c, gray triangles and yellow diamonds,
respectively) showed high salinity and low aCDOM values
with no clear dependence of aCDOM on salinity. The range
of the spectral slope, S, and its geographical distribution
were investigated, and since the behavior was very similar
to that in the spring, we chose not to show it.
3.5. Sink of CDOM
[26] To investigate depletion of CDOM due to sunlight
exposure during summertime on the WTNA, a photobleach-
ing model [Del Vecchio and Blough, 2002] was applied to
waters from the NE patch (Figure 10). All the assumptions
in the radiative transfer model [Del Vecchio and Blough,
2002] were extended to this exercise when applicable. The
CDOM absorption measured in the mixed layer at station 27
(27 July 2001) was employed as the initial time in the
model. The model was applied to predict CDOM absorption
at station 53 (19 days later). Station 53 was occupied as a
drift station on 13 and 14 August (53-1 and 53-2 for day 1
and day 2, respectively) during which the ship drifted from
out-of-plume to in-plume waters as indicated by changes in
salinity (32.9 on 13 to 31.8 on 14) and corroborated by
SeaWiFS K490 images. The model was run to estimate
CDOM loss only at station 53-2 (in-plume waters). The
noontime surface solar downwelling irradiance [Ed(l, 0)]
was daily measured on the WTNA employing the SeaWiFS
Multichannel Surface Radiometer (SMSR; serial number
024, Satlantic). The average of the daily measured noon
time Ed(l, 0) was employed in the model. The total daily
irradiance was approximated as 10 h/day of this noon
irradiance. The model was run for 200 hours corresponding
to 20 days of daylight (time elapsed between sampling of
stations 27 and 53-2). The vertical mixing depth was set to
10 m (corresponding to the mixed layer depth at these
stations). The physical and optical properties were uniform
across the mixed layer at these stations, indicating that
vertical mixing was faster than photobleaching. The mea-
sured CDOM absorption decreased and S increased from
station 27 (0.84 m1 and 0.016 nm1, respectively) to
station 53-2 (0.51 m1 and 0.019 nm1, respectively),
consistent with CDOM photodegradation during summer-
time (i.e., during the time elapsed between sampling of
station 27 and 53-2). Upon 20 days of light exposure, the
modeled CDOM absorption decreased and S increased
(from 0.84 to 0.61 m1 and from 0.016 to 0.019 nm1,
respectively) (Figure 10), suggesting that photobleaching
could be responsible for part of the lower CDOM absorp-
tion observed at this region, as observed on the Middle
Atlantic Bight [Del Vecchio and Blough, 2002].
4. Conclusions
[27] Our analysis of the spatial and temporal variability of
CDOM absorption (and fluorescence) in the WTNA as well
as the SeaWiFS monthly composites illustrate the river
dynamics consistently and indicate that the Amazon River
strongly influences this region as far away as 1000 km from
the river mouth. These data show a strong correlation
between aCDOM(490) and K490 with a slope of 0.7 for
the high flow period. The results show that dissolved
material (CDOM) always dominated the total light absorp-
tion in plume region closer-to-river mouth (>80% at 355 nm
and >70% at 440 nm) compared to particulate pigments
(<10% at 355 nm and 20% at 440 nm). Outside the plume,
CDOM contribution to total light absorption decreased
significantly (60% at 355 nm and 20% at 440 nm)
compared to particulate pigments (<30% at 355 nm and
>60% at 440 nm). On the basis of this data set, if the
observed ocean color is entirely attributed to chlorophyll a,
an overestimate of chl a of 500, 250, and 150% for in-
plume regions (Transect A), offshore-in-plume regions
(Region B) and offshore-out-of-plume regions (Region A),
respectively, can be approximated during the high flow
period investigated. Furthermore, our results suggest a
terrestrial source for CDOM off the coast of South America
(with a seasonal-independent ratio of aCDOM(355) to salinity
of 0.165), although a CDOM absorption increase is also
observed in dense diatom blooms. Photodegradation seems
to account for most of the loss of CDOM within the mixed
layer of water patches that detach from the main plume
during summertime.
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